The thcoretically calculatcd barriers for the OH rotor in parasubstituted phenols are in very good agrecment with those found experimentally. Further measurements on a large number ofmonosubstituted phenols provide sufficient data to allow the prediction of barriers and torsional frequencies in multisubstituted phenols.
PREFACE
Ccrtainly this Conference provides a beautiful environment for asking some questions important to conformations in macromolecules:
1. Can barriers to internal rotation be predicted from: (a) experimentally determined parameters? (b) theoretical calculation? 2. Can barrier information be successfully applied to macromolecules?
Let us examine these questions in parts. First, the theoretically predicted barriers agree weil with experimental results. The experimental results for barriers are found to be useful in predicting C-0 barriers in phenolic systems, thus demonstrating the transferability of these data. Second, the application of barrier values to large molecules will be discussed in some detail. Interaction, geometric changes and potential surfaces will play important roles in predicting conformations.
WILLTAM G. FATELEY

Part I Characterization of the Barrier about the Aromatic
Carbon~O xygen Bond in Phenols (In collaboration with Dr G. L. Carlson) I. INTRODUCTIONt Both theory 1 and experiment 2 predict that phenol (C 6 H 5 0H) is planar. A planar structure is stabilized by delocalization of the p-type lone pair on oxygen, see Figure l (a); this is likely tobe more effective than the delocalization of thc more tightly bound sp 2 -type lone pair in the orthogonal form, Figure J (b) . The energy differencc represents the barrier to rotation about the C-0 band. This barrier is considerably larger than in aliphatic alcohols reflecting. in part. the increased double bond character in the C -0 bond. Campagnaro, Hall and Wood 3 have examined far infra-red spcctra of several para-substituted phenols and observed changes in the OH torsional frequency which correlated with qualitative electronic properties of the substituent"!. To confirm and extend these ideas, we have carried out ab initio molecular orbital calculations and far infra-red spectroscopic measurements of the torsional barriers in the para-substituted phenols XC 6 H 4 0H (X = OH, F, CH 3 , H, CHO, CN and N0 2 )t.
&!)
BARRIERS AND CONFORMATIONS
Far infra-red spectra of the phenols in cyclohexane solution ( --0.01M) were obtained by procedures described elsewhere (see ref. 4 and Section II-A). The far infra-red spectra of the analogaus phenol-OD compounds were also obtained to confirm the assignments of the torsional frequencies 4 . The theoretical method used is self consistent field molecular orbital theory in the linear combination of atomic orbitals (LCAO) approximation 5 using the ST0-3G basis set 6 and standard geometries 7 . Orbital and overlap electron populations are calculated using Mulliken's method 8 . Results are quoted in Table 1 where the quantities listed have the following meanings. L\ V 2 is the changef-in the twofold barrier from the value in phenol, q"(X) is the n charge on the substituent X (a positive value indicates that X is an donor), Aq"(OH) is the change in n charge on OHrelative to the value in phenol, and L\nc--0 is the corresponding change in the double bond character of the C-0 bondas measured by the n-overlap population. The interaction energy of the substituent X with the OH group is measured by the energy
change in the formal reaction ( 1 ). I fX and 0 H do not in teract, the energy change in (1) would be zero. lnteraction energies are listed for both planar and orthogonal orientations of the OH group in (I).
There are several interesting points to note from the results in Table 1 .
(1) Although the calculated barrier in phenol (5.16 kcal mol-1 )
1 is cons1derably higher than the experimental value (3.56 kcal mol-1 ), the changes in barrier with substitution as shown in Table 1 are in quite good agreement.
(2) The barrier is found to decrease when X is a n-electron donor (positive q"(X) charges] and conversely.
(3) These results are easily rationalized in terms of the opposition, Figure 1(c) , to, or reinforcement, Figure J(d) , of, delocalization of the oxygen lone pair electrons by the substituent X. Thus, when X is a n-donor as in Figure 1 (c) , electron donation by OH decreases [ L\q"(OH) is negative], the double bond character in the C-0 bond decreases [ L\nc-0 is negative) and the barrier decreases. Conversely, when X is a n-acceptor as shown in Figure J (d) , electron donation by OH increases, the double bond character in the C-0 bond increases and the barrier increases. The theory and experimental evidence thus confirm the conclusions reached by Campagnaro, Hall and W ood 3 • (4) The calculated values of the interaction energies show that when X is a n-donor, the interaction between X and OH is destabilizing (negative interaction energies) and conversely. This is true in both planar and orthogonal conformations although smaller in the latter. There is an almost linear correlation between the barrier values and the interaction energies in the planar forms.
·j· In all cases, we take the change in a calculated or experimental quantity to be the value in the substituted phenolless the value in phenol. • Doubling due to the presence of cis and rrans forms. These rotamers had previously been reported by us for metafluorobenzaldehyde.
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meta-fluorophenol which is also peculiar in that the torsion is observed as a doublet in both solution and gas. Secondly, we have carried out a dilution study on phenol in cyclohexane solution to determine if there is any change in torsional frequency as a function of concentration. Over the concentration range 0.02 to 0.001 mol/1., which is the lower Iimit of detection with a 1 cm path Iength, the torsional frequency did not shift by more than 1 cm-1 • -;· An exceptio~wtlii~üb"Seiv~tion may be the-~rtho-=t"luorophenol which might be intermolecularly hydrogen bonded.
These two observations arc taken as strong indication that for phenol in cyclohexane at concentrations below 0.02 mol/1., association effects on the torsional frequency are negligible. Furthermore, the good agreement of solution and vapour data also seems to rule out any appreciable effect of solvent~solute interaction.
Similar agreement between solution and vapour phase torsional frequencies can also bc seen in the data on thiols and amines given by Scott and Crowder 12 . The solvents used in their work wcre cyclopentane and 2,2,4-trimethylpentane; howcver, it should be noted that not all solvents show this behaviour. Phenol in benzene solution, for example, shows no evidence for the 310 cm-1 torsional frequency.
B. Calculation of the barrier to intemal rotation from the observed torsional frequency for phenol
Thc internal rotation barrier for phenol has been treated in great detail using both microwave 13 and infra-red 11 • 14 4ata. lt is weil established that the 0--H group lies in the plane of the benzene ring and hence thc bindering potential can be written in the form
where V 2 and V 4 are the heights of the twofold and fourfold barriers and rx is the torsional angle which is n/2 in the planar configuration. The torsional energy for each torsional quantum number, v, is 
2 ri, rl is the reduced moment of inertia for internal rotation, Irz is the mon:ent ~f inertia of the internal top (0-H group) about its symmetry axis, n denotes the n-fold barrier (in this case n = 2), and
The observed infra-red torsional frequency, wr, gives the difference between two of the energy Ievels, !1.Evt1
Thus, if wr, the torsional frequency, is known and there is enough structural information to determine F ( =h 2 Thus, if the torsional frequency can be measured accurately, the evaluation of v2 is Straightforward provided Ir% can be calculated from known structural information. The geometry of the 0-H rotor relative to the symmetry axis appears to be the only problern in the calculation of I . Bist et al. 14 , in order to fit
theu data for both phenol and phenol-OD, were forced to conclude that the oxygen atom assumed an off-axis position
Mathieu et a/. 13 , through the analysis of new microwave data by rotationinternal rotation theory, find that the frame principal axis is within ±0.18° parallel to the internal rotation axis. These authors also point out that the relatively large errors in their microwave constants originate mainly in the limited precision of the infra-red data which in this case were due to Bist et a/. 14 . We feel that our present data on phenol will~ at least~ partially resolve these discrepancies and support the evidence that the C-0 rotor axis is coincident with the frame principal axis. These data are given in Table 3 and compared with the data of Bist et al.
14 . Table 3 . Far infra-red spectra of phenol and phenoi-OD Assignment/ comment · --------
Bist has assigned the 246--228 bands as the 0 __. 1 and 1 --+ 2 transitions of the 0-D torsion and the 232 cm-1 bandasthex-sensitive V 11 (b 1 ) mode. These authors also note that their data do not Iead to the expected shift of J2 in the reduced moment of inertia on going from 0-H to OD and ascribe this to a change in geometry. Our solution data indicate that there is a second, intense band at 212 cm -t which was below the range of their instrument. Our data on phenol-OD, as well as data on other phenolstobe discussed later, show that the 247 cm -t band is not the 0 --+ 1 transition for the 0-D torsion (b 1 ) but is one branch of a Fermi doublet arising from resonance between the 0-D torsion and the x-sensitive V 11 (b 1 ) mode near 233 cm-1 • This would then place the 0-D torsional frequency near 230 cm-1 which gives a vO----H/vo.--0 = 310/230 = 1.35 in good agreement with ratios found for the torsions in most of the phenols investigated. This reassignment of the phenol-OD torsion could remove some of the inconsistencies noted by Mathieu 13 , and also makes it unnecessary to assume the geometry of the rotor proposed by Bist 14 . Also additional observation of transition between higher energy Ievels in scveral phenols, i.e. the hot bands 1 ---+-2 and 2---+-3, provides adequate information concerning the V 4 value. Usual values of V 4 in the range of ±0.01 V 2 arc small enough tobe neglected in these studies.
EXPERIMENT AL PROCEDURES
The various phenol samples were obtained from several sources and were purchased in thc highest purity available·!. Usually, the samples were uscd without further purification. Because the torsional band is, in general, much more intense in dilute solution than the other bands in the far infra-red region for these compounds, it is feit that small amounts of impurities would not interfere.
The phenol-OD analogues were prepared by deuterating the OH compound directly in solution with D 2 0 by a technique described elsewhere 15 . Far infra-red spectra were obtained on a Digilab FTS-14 interferometer system. A 6 J..LID mylar beamsplitter was used to cover the range 450 to 75 cm-1 , and for most samples the resolution was 8 cm-1 • This instrument is ideally suited to this type of study because of its ability to ratio out solvent backgrounds even with the low energy availablc in the far infra-red region.
Cells equipped with 1/16 in. polypropylene windows were employed and the path length was generally 5 mm although for a few samples a 10 mm path length was necessary. A compensating cell was used in thc reference beam to ratio out absorption due to the solvent and windows.
IV. RESULTS
The observed torsional frequencies and calculated barriers to internal rotation for several monosubstituted phenols are given in Table 4 . Also presented in Table 4 is the difference in the torsional frequency, Awt, for these compounds compared to the phenol torsion at 310 cm-1 • That is Awt = w~bs _ w~henot
= w~bs -310 cm- 1 These values are presented in Table 4 .
·i Commercial samples were purchased from Eastman, Aldrich, Pfaltz and Bauer, and ChemService, Inc. We are indebted to Dr A. W. Baker of The Dow Chemical Co., Walnut Creek, California for a number of custom synthesized phenols. Now, if the substituents represent linear mesomeric and inductive effects, i.e. each substituent in a specific position always influences the 1t bonding with the same magnitude, then we should be able to use the values in Table 4 to predict the torsional frequencies and barriers for multisubstituted phenols.
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For example, the torsional vibration ofthe non-bonded 2,4,5-trichlorophenol should be the linear combination of the values in 
The observed torsional frequency of the unbonded 2,4,5-trichlorophenol is 354 cm-1 • A summary of this calculation for several phenols is given in Table 5 . We are very gratified to find the good to excellent agreement between calculated and observed torsional frequencies. This confirms our suspicion that these mesomeric and inductive effects are linear and can be predicted for many molecules from the data in Table 4 . These values can be used to predict chemical properties much like Hammett's as have been used in the past. We feel the AwT better reflects the aromatic climate of the ring and will give yet another, and we feel better, parameter for the use of the ehernist This can further be extrapolated to predict band parameters of aromatic rings in polymer chains.
PART I. REFERENCES I. INTRODUCTION
In order to understand internal rotation in macromolecules, we must have a better understanding of potentials surrounding such units as carbon-carbon, carbon-oxygen, carbon-nitrogen and carbon-sulphur single bonds. A far infra-red investigation with emphasis on the evaluation of the asymmetric potential function should yield the desired barrier characteristic of these units. This part describes this investigation.
ß.BACKGROUND A large body of experimental data on the subject of internal rotation has been accumulated over the past ten years 1 • However, most of these data deal with barrier parameters for a highly symmetrical internal rotor, namely, the methyl group. Much work still remains to be done on molecules containing asymmetric rotors. A number of determinations have been carried out on molecules with asymmetric rotors by microwave spectroscopy 1 , but in only a few cases has the potential function been fully characterized 2 • Oftentimes, these measurements are accompanied by large uncertainties in the calculated barrier parameters. These large errors arise when the microwave measurements rely heavily on comparison of intensities between rotational lines in calculating the positions of the different torsional Ievels. Because of the vibrational nature of the internal rotation (torsion), far-infra-red spectroscopy is the most direct and the more accurate technique for such studies provided sufficient transitions between the torsional Ievels of a molecule are observed.
Increasing efforts are now being exerted on the correlation of existing data with the ultimate objective of explaining the source of the barrier to internal rotationta, 3 • In Part I, we described the theoretical calculation of barriers in phenols by Professor Pople's group and the experimental confirmation of these barriers by far-infra-red spectroscopy. This represents a portion of our goal toward understanding barriers. It is along this line that an evaluation of potential functions for asymmetric rotors is of particular merit. It has been pointed out by Lowe ta that such results will constitute a more rigorous test for a theory than barrier values for methyl rotors. This is because in theoretical calculations of barriers. the symmetry of the methyl group may forcc a great deal of error cancellation whereas such errors will still be highly evident for asymmetric rotors.
In both experimental and theoretical determinations, the gcneral Fourier interaction between an atom or substituent in an internal rotor and the frame may be individually expressed as a Fourier series, each type of interaction being additive. If proven to be valid, such an approach will be very useful in predicting the form of the potential curve for internal rotation. Predictions on this basis were made by Stiefvater and Wilson 2 b for methyland fluoro-substituted acetyl tluorides but no experimental confirmation has yet been made.
Wehave applied the method of Stiefvater and Wilson 2 b to some molecules of interest in this research to see what might be the approximate form of the potential curve associated with internal rotation. Due to Iack of any experimental data, we used the theoretical results of Radom, Hehre and Pople 3 on monomethyl-and monofluoro-substituted methanols and methylamines. These authors' results for the internal rotation araund the C~O and C-N bonds, using the Fourier cosine form for the potential, are summarized below: It is seen that the value of V 3 for each series of molecules given above remains approximately constant, perhaps weH within the error due to the uncertainty in the molecular geometries used in the calculation. This near constancy of V 3 has also been observed in the sut:>sti~uted acetyl ~uorides 2 h. Th~s, in ethanol, the effect of a methyl subst1tutwn on the different potential constants can be expressed as follows:
ViH3/H = -0.93 and adding the basic V 3 term. The average values of V 3 = -1.1 kcaljmol and V = -2.1 kcaljmol were assumed for the methanol and methylamine siries, respectively. The resulting potential curve for isopropyl alcohol is given in Figure 1 . Results of similar calculations on isopropyl amine and 1-fluoroethanol are presented in Figures 2 and 3 . While the above calculations are certainly approximate, experimental verification indicates they are correct. This alJows us to anticipate that isopropyl alcohol and isopropyl amine, like ethanol 4 and ethylamine 5 , may exist in the respective trans and gauehe rotamers in measura b]e proportions.
Experimental results on similar larger molecules demonstrated this approximation.
ßl. EXPERIMENTAL
The far-infra-red spectra of several ofthe above-mentioned molecules have been measured and the torsional vibrations located for the C-C, C-0, C-N and C-S bonds. As mentioned earlier, as many transitions between torsionallevels as possible must be measured for an accurate characterization of the potential curve. The fulfilment of this requirement is favoured by the low-frequency nature of most torsional vibrations.
The spectra will be recorded in this laboratory's newly acquired DIGILAB FTS-14 infra·red Fourier transform spectrophotometer. The maximum resolution capability of this instrument is 0.5 cm-1 throughout the region 10 to 4000 cm -t. Interchangeahle mylar beam splitters ofvarious thicknesses permit the entire far·infra·red range to be examined. All measurements were carried out in the gas phase to permit higher resolution and accuracy in measuring band centres. Our Iabaratory is equipped with a heated 1·meter cell, a 10-cm gas cell, and various home-built short-path cells. For resolutions of 1 and 0.5 cm-1 in the far-infra-red region, it was found necessary to use wedged polyethylene or polypropylene cell windows to eliminate fringes.
The assignment of the torsional frequencies in C-OH, C-NH 2 and. C-SH compounds was verified by a solution technique developed in this laboratory 6 • A dilute solute solution of an alcohol or aminein cyclohexane (about one per cent) is made and to this is added a few drops of D 2 0. The ensuing substitution of the labile hydrogen atom by deuterium permits the measurement of shifts in the torsional frequencies resulting from deuteration.
lt is not uncommon that a torsional band is obscured by overlapping with another broad low-frequency band (e.g. methyl torsion) in which case the vapour-phase spectrum of the compound deuterated at the functional position was useful. Such preparation is easily made through exchange reaction in an excess of 0 2 0 and separation by distillation. Several deuterated forms of ethanol and ethylamine were purchased for this study.
IV. INTERPRETATION OF DATA
For the molecules of interest here, the Fourier cosine series, V(oc) = t L ~ n (1 -cos noc), was adequate to represent the potential associated with internal rotation. It has been found that, in general, the series converges rapidly with n = 3 or 4 being sufficient to explain the spectroscopic data. The wave equation for the internal rotationproblern is a Mathieu-type equation in one dimension
where F(oc) is the reduced moment of inertia parameter, p(Z is the momentum conjugate to oc, E is the energy eigenvalue, and M(oc) is a function expressed as an expansion in some chosen basis set.
A computer programme has been written 7 which utilizes the free-rotor functions exp imoc as the basis set for calculating the matrix elements, i.e.
Mn(oc) = L anm exp imoc. The size of the basis set can be varied and it is determined through the convergence of eigenvalues at a particular energy Ievel. The variation of the inertial parameter F with the angle of internal rotation has been included by incorporating a programme written by Meakin et al. la for such purpose. The complete programme has been tested with the known data on molecules with asymmetric rotors like H 2 0 2 8 , as weil as on those containing symmetrical rotors (e.g. methyl group). The procedure consists of making a judicious choice of an initial set of potential constants ~ and comparing the calculated eigenvalue differences with the observed frequen· cies. The values of ~ are then refined to give the best fit to the observed data through an iterative numerical procedure.
Wehave carried out a zero-order calculation on ethanol using the theoretical values of vl' v2 and v3 given by Radom, Hehre and Pople 3 . The small Variation ofthe reduced moment ofinertia ofthe OH group with the internal angle was neglected: thus, a constant value F = 21 cm-1 was calculated from an approximate geometry. The predicted energy Ievels for ethanol are depicted m Fiqure 4 (n is _iust a number that gives the order of the Ievels). The first
-300 --500 .
-600--700 Lake and Thompson 9 observed the torsional band of ethanol in the vapour phase under low resolution and reported the centre of the broad band at 199 cm-1 . The measured band contour indicates that, under higher resolution, the transitions between the upper torsional Ievels might be observed. These higher transitions allow a more accurate determination of the potential constants.
V. THE EFFECT OF HIGHER TERMSAND VARIATION OF THE INERTIAL PARAMETER ON THE THREEFOLD POTENTIAL FUNCTION
In most determinations of the threefold barrier V 3 for the methyl groups, the next higher potential constant V 6 in the cosine series expansion has been neglected. While the values of V 6 have indeed been found to be generally small (about one per cent of V 3 ), their accurate determination, particularly their sign. wi11 be useful in distinguishing between various theories on the soun.:c of barrier in methyl rotors 1 a. In their semiempirical electrostatic ~odel for inter~al rotation, Lowe and Parr 10 pointed out that a negative V 6 ts connected wtth those charges and multipoles (situated in the plane conaining the heavy atoms) which rcpel methyl protons, while a positive V 6 ts produced by those charges and multipoles (in the plane) which attract the methyl group.
In nearly all calculations on threefold potential, the variations ofthe reduced moment of inertia of thc top (F) during the torsional motion, such as those which arise from bond stretching and angle deformation, have been neglected. Recently, Ewig and Harris 11 demonstrated that such assumption of constant results in an apparent V 6 componcnt in the potential even if none, in fact, existed. These authors also emphasized that it is not possible to distinguish between the effect of a variation in the reduced moment of inertia of the top and contribution of highcr terms to the threefold potential.
Harris et a/. 12 showed that the Hamiltonian
expressed in the geometry rclated coordinate a, may be transformed to the
where 0 is a coordinate which removes the angle dependence of F. The coordinate (} has no attachable geometrical meaning and only follows thc condition that it be equal to a at 0 and 2n radians. Tbc two forms of the Hamiltonian give the same eigenvalucs. The transformation from a to 0 produccs a distortion relative to the coordinate (shifts in thc position of maxima and minima and change in shape of the potential curve) but does not affect the height of the barrier. In thc special casc of the methyl rotor, symmetry dictates that a and 0 be the same at the positions of maxima and minima and the only question that arises is how both F and V 6 augment the shape of thc potential curve. Wc must note in applying these theories to macromolccules that some attention be directed to thc study of F and V 6 depcndence of the threefold potential. Several molecules with methyl rotors and with well-determined geometry in the ground vibrational statc were chosen for this evaluation. Their far infra-red spectra were recorded with the object of measuring as many transitions between torsional Ievels as possible. Thc task of making the choice of these molecules is made easier by earlier measurements in this laboratory 13 . With better instruments available to us now, improved spectra in terms of resolution and frequency accuracy show these splittings of energy Ievels.
Although there is an apparent inseparability of the Fand V 6 effects, much information has been gained by the following simple approach. In the first step, a fit of the observed torsional transitions to only F 0 and V~ ( = V 3 ) is attempted. Even though only two frequencies arc needed to determine F 0 and ~' it must be required that two or more additional transitions be provided to serve as internal check. The calculated F 0 will then be referred to the value of F initially computed from the geometry in the ground vibrational state. The difference (F 0 -F) can then be related to the change in molecular geometry during thc torsional motion. In molecules with relatively heavy frames, it is perhaps a good assumption to consider the change as occurring mainly in the methyl group through some C-H elongation or HCH angle deformation or both. When such calculated changes are reasonably weil within expected limi ts, a successful fit to only F 0 and V~ will mean that V~ ( or V 6 itselt) is most likely zero.
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In thesecondstep, when thegeometryrelatedchange(F 0 -F)is unreasonably large for a fit to only F 0 and V~ or when no such fit can be successful, the same iteration technique will be applied using F 0 , V~ and V~. Whether this operational determination of F 0 and V~ gives the correct contribution of each parameter to the potential is difficult to determine. It is hoped that with enough test cases studied a criterion can be reached as to the extent to which each factor contrihutes in macromolecular molecules.
VI. SUMMARY
When put on a firmer foundation, the subject of internal rotation and unbonded forces will undoubtedly have far-reaching implications for understanding the intricate structure of simple molecules which have stablc rotamcr forms and be of use in undcrstanding macromolecular and biological molecules. At prescnt, the sizablc amount of data accumulated on the subject is strictly for the consumption and use of theoretical chemists who are continuously looking for an elegant theory that will explain the origin of the barrier to internal rotation. Our efforts are directed toward understanding conformations in macromolecules.
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